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In contrast to many other genes containing a CpG island, the testis-specific H2B (TH2B) histone gene exhibits
tissue-specific methylation patterns in correlation with gene activity. Characterization of the methylation
patterns within a 20-kb segment containing the TH2A and TH2B genes in comparison with that in a somatic
histone cluster revealed that (i) the germ cell-specific unmethylated domain of the TH2A and TH2B genes is
defined as a small region surrounding the CpG islands of the TH2A and TH2B genes and (ii) somatic histone
genes are unmethylated in both liver and germ cells, like other genes containing CpG islands, whereas flanking
sequences are methylated. Transfection of in vitro-methylated TH2B, somatic H2B, and mouse metallothionein
I constructs into F9 embryonal carcinoma cells revealed that the CpG islands of the TH2A and TH2B genes
were demethylated like those of the somatic H2A and H2B genes and the metallothionein I gene. The
demethylation of those CpG islands became significantly inefficient at a high number of integrated copies and
a high density of methylated CpG dinucleotides. In contrast, three sites in the somatic histone cluster, of which
two sites are located in the long terminal repeat of an endogenous retrovirus-like sequence, were efficiently
demethylated even at a high copy number and a high density of methylated CpG dinucleotides. These results
suggest two possible mechanisms for demethylation in F9 cells and methylation ofCpG islands of the TH2A and
TH2B genes at the postblastula stage during embryogenesis.
DNA methylation is an important regulatory element
involved in several cellular functions, such as regulation of
gene activity (4, 7), X-chromosome inactivation (40, 47), and
parental imprinting (51, 52). The importance of DNA meth-
ylation in embryonic development is strongly emphasized by
recent gene targeting experiments. Disruption of a DNA
methyltransferase gene resulted in abnormal development
and lethality of homozygous embryos at mid-gestation (34).
Although the mechanism underlying the establishment of
methylation patterns is not clearly understood, there are a
large number of reports on the tissue-specific methylation
patterns of unique and repetitive sequences. In mammals,
approximately 70% of all CpG dinucleotides (CpGs) are
methylated at the 5' position of the cytosine residue. The
remaining unmethylated CpGs are found at a region called a
"CpG island," which is associated with the 5' ends of all
housekeeping genes and some tissue-specific genes (5, 14).
The CpG islands are CpG rich and C+G rich, and they are
unmethylated in all tissues, except those on inactive X
chromosomes (35, 46) and in in vitro-cultured cell lines (1).
Tissue-specific genes are normally heavily methylated in
nonexpressing tissues, thus exhibiting an inverse relation-
ship between DNA methylation and gene activity. Taken
together, the simplest picture of the global methylation
pattern in adult somatic tissues appears to be the unmethy-
lated CpG islands flanked by methylated and CpG-depleted
bulk DNA.
In contrast to the well-established methylation patterns of
the genes in differentiated cell types, much less is known
about the changes in methylation patterns during early
embryogenesis and gametogenesis, partly because of the
difficulties in obtaining sufficient amounts of early embryo
and highly purified germ cells for methylation analysis. By
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monitoring the changes in overall methylation patterns dur-
ing embryogenesis, Monk et al. (42) have shown that there
was a gradual loss of methylation of parental genomic DNA
during preimplantation development, resulting in striking
unmethylation of blastocyst DNA. The extensive de novo
methylation at the postblastula stage led to the high level of
DNA methylation in adult somatic tissues. The gradual
demethylation from the eight-cell stage through the blasto-
cyst stage has also been reported for the repetitive sequence
Li and intracisternal A-particle elements (23, 49). Recently,
by using a sensitive polymerase chain reaction-based assay
(54, 56), Kafri et al. (25) have assayed the methylation status
of sites in the CpG islands and non-CpG islands of both
tissue-specific genes and housekeeping genes. Their results,
consistent with the overall changes in methylation patterns,
have shown that all of the sites assayed were unmethylated
at the 16-cell and blastocyst stages and that non-CpG islands
were remodified in 6.5-day embryos, whereas CpG island
sites were unmethylated at all stages.
Although these results provide valuable information on
the developmental changes in the methylation patterns, the
mechanism underlying the formation of methylation patterns
is not known. The main steps to be understood may be the
demethylation of non-CpG island sequences in early embryo
and fetal germ cells and the protection of CpG islands from
de novo methylation at the postblastula stage. As far as the
mechanism for the protection of CpG islands from de novo
methylation is concerned, it has been shown that in vitro-
methylated CpG island DNAs were demethylated by a
so-called "island demethylation system" through an active
enzymatic mechanism when introduced into embryonic cell
lines (13). The demethylation was specific for CpG islands,
since the non-CpG island sites in the flanking sequences of
the adenine phosphoribosyltransferase (APRT) gene and
insulin genes were not demethylated. It was suggested that a
protein factor(s) of this nature may be involved in the
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protection of CpG islands from de novo methylation in the
early embryo stage.
Previously, we have shown that the CpG islands of the
testis-specific H2A (TH2A) and TH2B genes were methyl-
ated in nonexpressing somatic tissues (10). On the basis of
data on the developmental changes in methylation patterns,
one possible explanation for the exceptional methylation of
the CpG islands of the TH2A and TH2B genes was that the
TH2A and TH2B genes are not protected from de novo
methylation in 6.5-day embryos because of the lack of the
putative signal necessary for recognition by an island de-
methylation system (13). In this study, we tested the possi-
bility by transfecting in vitro-methylated TH2A and TH2B
genes into F9 embryonal carcinoma cells. At a low copy
number, the CpG islands of the TH2A and TH2B genes were
demethylated like those of the somatic H2A (sH2A), sH2B,
and mouse metallothionein I (MT-I) genes, whereas most of
the integrated copies did not undergo demethylation at a high
copy number, suggesting that the saturable factor(s) is
involved in the demethylation of those CpG islands. Efficient
demethylation of the CpG islands at a low number of
integrated copies was greatly inhibited by the increased
density of methylated CpG dinucleotides (mCpGs). Interest-
ingly, three sites in the in vitro-methylated sH2B construct
and an HpaII site in simian virus 40 (SV40) sequences were
efficiently demethylated, even at a high number of integrated
copies, as well as a high density of mCpGs. In all cases, de
novo methylation of the unmethylated constructs in F9 cells
was not apparent. These findings indicate that two different
mechanisms are involved in demethylation in F9 cells. Also,
they suggest that de novo methylation of the TH2A and
TH2B genes plays a dominant role over demethylation in the
exceptional methylation of the CpG islands of TH2A and
TH2B genes in somatic tissues at the postblastula stage
during embryogenesis.
MATERIALS AND METHODS
Cloning and DNA constructs. The recombinant phage
clone containing the TH2B (X TH101) or sH2B (X SH-1) gene
has been previously isolated from a rat genomic HaeIII
library established in Charon 4A (a gift from T. D. Sargent)
(26). To isolate the flanking sequences 3' to the TH2B gene,
we screened a rat genomic library constructed in the X
GEM11 vector (Promega Co.) with a radiolabeled Hinfl-
MspI intergenic DNA fragment as a probe. The 12.6-kb XbaI
fragment containing 3.2 kb of 5' sequences, 8.2 kb of 3'
sequences, and the coding sequences of the TH2A and
TH2B genes was excised from the positive clone (X TH103)
and subcloned into pSP72 (Promega Co.) to give plasmid
p10-3. Plasmid plO-1 was constructed by cloning an 11.1-kb
EcoRI fragment of the A TH101 clone into plasmid pBlue-
scribe (Vector Cloning Systems).
The following constructs were used in the transfection
experiments. TH-S: to avoid possible biased selection
against cells expressing the TH2B gene at a higher level,
because of the possible toxic effect of the TH2B histone
protein on somatic cells, frameshift mutations were intro-
duced into the coding sequences of both the TH2A and
TH2B genes. Plasmid pTHAB (10) was partially digested
with XmaI, filled in with Klenow, and ligated to insert four
bases (CCGG) in the coding sequences of the TH2B gene. Of
twoXmaI sites present in the coding sequences of the TH2B
gene, the mutation introduced into the XmaI site which is
close to the initiation codon was identified by restriction
analysis. The mutation in the body of the TH2A gene was
introduced into the resulting plasmid by cutting with EagI,
filling in with Klenow, and ligating the blunted ends. The
resulting plasmid, TH-S (4.5 kb), carries frameshift muta-
tions in both the TH2A and TH2B genes. TH-M: to intro-
duce those mutations into plasmid p10-3, an SmaI-NcoI
fragment carrying both mutations was isolated from plasmid
TH-S and used to replace the corresponding fragment in
p10-3. SH-M: X SH-1 DNA was partially digested with
EcoRI, and an about 9.5-kb EcoRI DNA fragment was
inserted into the EcoRI site of pSP72. SH-S: a 1.5-kb
EcoRI-ScaI fragment of SH-M containing the sH2A and
sH2B genes was inserted into the EcoRI-SmaI site of
pUC19. Plasmid pJYMMT(L), comprising an approximately
4-kb EcoRI fragment of the mouse MT-I gene, was gener-
ously provided by D. H. Hamer (20). Nucleotide sequences
were determined by the dideoxynucleotide chain termination
method (50) with a Sequenase kit (U.S. Biochemical) in
accordance with the manufacturer's protocol. For sequenc-
ing, DNA was either subcloned in pUC19 or a series of
oligonucleotides was synthesized and used as primers.
Mapping of the locations of histone genes. To identify the
locations of histone genes, recombinant clones A TH101-X
TH103 and X SH-1 were digested with EcoRI-HindIII and
EcoRI, respectively. Restriction digests were electrophore-
sed on a 1% agarose gel, transferred onto a nylon filter, and
hybridized with 32P-labeled histone-specific probes. Histone
H3- and H4-specific probes were isolated from plasmids
pSp3-1 and pGC42 containing the sea urchin H3 and H4
genes (a gift from L. Kedes), respectively. The composition
of the hybridization buffer was as previously described (10),
except that salmon sperm DNA was replaced by Escherichia
coli DNA (200 ptg/ml). The precise position of the H3 histone
gene in the A SH-1 clone was further determined by sequenc-
ing analysis.
Mapping of the locations of repetitive sequences. To identify
the locations of repetitive sequences, we used two different
approaches. EcoRI-HindIII digests of X TH101-X TH103 and
EcoRI digests of X SH-1 clones on a nylon filter were
hybridized with 32P-labeled total rat genomic DNA. Under
the hybridization conditions used in our experiments, only
restriction fragments containing abundant repetitive se-
quences can be detected. Since this method is insensitive to
repetitive sequences with a low copy number, we used a
second method to map the boundaries of repetitive se-
quences more accurately. Various nonoverlapping restric-
tion fragments isolated from subclones plO-1, p10-3, and
SH-M were 32p labeled and used as probes to hybridize to
EcoRI-digested total rat genomic DNA in Southern blot
analysis. The presence of repetitive sequences in the probe
fragments could be identified by multiple bands or smears,
depending on the repetition frequency.
DNA isolation and methylation analysis. High-molecular-
weight genomic DNA was isolated from the nuclei of rat
tissues and cultured cells as previously described (10). To
determine the methylation status of cytosine residues, re-
striction enzyme isoschizomers MspI and HpaII were used.
The MspI enzyme can cut CCGG sequences irrespective of
DNA methylation, but HpaII cannot cut CmCGG sequences.
Genomic DNA was first digested with appropriate methyla-
tion-insensitive restriction enzymes and subsequently with
either restriction enzyme MspI or HpaII (10 U/p,g) for 16 h at
37°C. The samples were then extracted with phenol-chloro-
form, precipitated with ethanol, and solubilized in TE (10
mM Tris-HCl [pH 7.4], 1 mM EDTA). Electrophoresis,
Southern blot transfer, and hybridization with various
probes were carried out as previously described (10).
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In vitro methylation. The constructs were methylated at
every CpG dinucleotide by using methyltransferase SssI (2
U/Ipg of DNA; New England BioLabs) or at CCGG and
GCGC sequences with bacterial methyltransferases HpaII
and HhaI (4 U/,ug of DNA; New England BioLabs) in 100-pul
reaction mixtures containing 10 ,ug of DNA and buffer (SssI,
50 mM NaCl-10 mM Tris-HCl [pH 7.9]-10 mM MgCl2-160
,uM S-adenosylmethionine-1 mM dithiothreitol; HpaII-
haI, 50 mM Tris-HCl [pH 7.5]-10 mM EDTA-5 mM
1-mercaptoethanol-160 FM S-adenosylmethionine). The re-
action mixture was incubated at 37°C for 20 h. The DNA was
purified by extraction with phenol and chloroform, followed
by ethanol precipitation. Mock methylations were carried
out under the same conditions except that S-adenosylme-
thionine was omitted from the reaction mixture. Complete
methylation was checked by restriction analysis.
Cell culture and transfection. Mouse F9 teratocarcinoma
and L-M(tk-) (ATCC CCL1.3) cells were maintained in
Dulbecco modified Eagle medium supplemented with 10%
(vol/vol) heat-inactivated fetal bovine serum and penicillin
(500 U/ml)-streptomycin sulfate (100 ,ug/ml) in a 5% CO2
atmosphere. To isolate stable transformants, cells on 60-
mm-diameter plates were transfected with 1 ,ug of test DNA,
1 ,ug of carrier salmon sperm DNA, and 0.2 p,g of pMC
neopolyA (Stratagene) by using Transfectam Reagent
(Promega Co.) in accordance with the manufacturer's in-
struction. To obtain stable transformants containing a low
number of integrated copies, 0.2 ,ug of test DNA, 1.8 ,ug of
the carrier, and 0.05 p.g of pMCneopolyA were transfected
into F9 cells. After incubation at 37°C for 16 h, fresh medium
was added. After 48 h, the medium was changed to G418-
containing medium (250 ,ug/ml). After 2 to 3 weeks, G418-
resistant colonies were pooled and expanded to mass cul-
ture. For stable transfection in the differentiated cell type,
mouse L-M(tk-) cells were transfected with 1 ,ug of test
DNA, 1 ,ug of the carrier, and 0.2 p,g of RSVneo. G418-
resistant cells were selected in a medium containing 250 ,ug
of G418 per ml for 3 to 4 weeks before being allowed to grow
in mass culture for further analysis. To examine expression
of the TH2B gene, the TH-M construct was stably trans-
fected into mouse embryonic fibroblast C3H 1OT1/2 cells as
described previously (10). S-phase cells were harvested at 4
(C3H 1OT1/2) or 2 (F9) h after release from the aphidicolin
block. Non-S-phase cells were harvested after 20 h of
incubation with aphidicolin. RNA was isolated from S- and
non-S-phase cells and subjected to Northern (RNA) blot
analysis as previously described (10). The probe specific for
the TH2B transcript was a 217-bp EcoRI-XmnI fragment,
and the probe specific for the H2B coding region was a
394-bp HincII-SacI fragment isolated from the SH-S plas-
mid. Also, plasmids TH2B-CAT, OM-3 (octamer mutant of
TH2B-CAT), and pSV2-CAT were transiently transfected
into F9 or C3H 1OT1/2 cells by using pRSVO-gal as a
cotransfection control as described previously (24). To assay
chloramphenicol acetyltransferase (CAT) activity in the S
phase, cells were harvested at 4 (F9) or 7 (C3H 1OT1/2) h
after release from the aphidicolin block. Non-S-phase cells
were incubated in the presence of aphidicolin for 24 h. CAT
assay of samples from S- and non-S-phase cells were done as
described previously (15, 16).
RESULTS
Genomic organization of histone genes. Since our previous
study showed that DNA methylation is associated with
transcriptional regulation of the TH2B gene (10), we ex-
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FIG. 1. Genomic organization of somatic and testis-specific his-
tone genes. sH2A, sH2B, and sH3 histone genes in a 9.5-kb segment
of the X SH-1 clone (A) and TH2A and TH2B histone genes in a
20-kb segment spanning overlapping clones X TH101 and A TH103
(B). The positions and direction of transcription of histone genes are
indicated by the closed boxes and arrows below the boxes, respec-
tively. Vertical lines below the bar indicate MspI sites and are
numbered from 5' to 3'. The expanded region shows the distribution
of CpG dinucleotides over a 5.5-kb sequenced segment containing
the TH2A and TH2B or somatic histone genes. As in many other
genes (31), CpG islands are markers for histone genes, too; the
bodies of histone genes are CpG rich, whereas flanking sequences
are CpG depleted. The restriction fragments containing highly
repetitive sequences (Rep. Seq.), as detected by using 32P-labeled
total rat genomic DNA as a probe, are indicated by the hatched
boxes. The fragments comprising repetitive sequences with a low
reiteration number are indicated by open boxes. Closed boxes
represent the fragments used as probes to evaluate the methylation
status of MspI sites. The methylation status of MspI sites is
indicated as follows: +, heavily methylated; +/-, partially methy-
lated; -, unmethylated. (C) Map of plasmid t25 containing mouse
MT-I gene and SV40 DNAs. Three exons of the mouse MT-I gene in
an approximately 4-kb EcoRI fragmnent are indicated by closed
boxes. SV40 is indicated by an open box. Probes for somatic
histones: A, SacI-MspI (1.13 kb); B, BstEII-ScaI (0.18 kb); C,
SspI-HincII (0.27 kb); D, SacI-EcoRI (0.2 kb). Probes for the TH2A
and TH2B genes: A, BglII-SacI (1.85 kb); B, HindIII-SacI (0.28 kb);
C, HindIII-PvuII (0.41 kb); D, Hinfl-MspI (0.31 kb); E, SacI-MspI
(2.35 kb). Probes for t25: A, KpnI-SacI (0.45 kb); B, SacI-PstI (0.64
kb); C, PstI (4.03 kb). Restriction sites: B, BamHI; E, EcoRI; EV,
EcoRV; H, HindIII; K, KpnI; P, PstI; S, SacI; X, XbaI. Not all
SacI sites are shown.
tended our methylation analysis to the flanking sequences to
determine the germ cell-specific unmethylated domain of the
TH2B gene. We first isolated recombinant lambda clones
containing the TH2B gene, as well as the sH2B gene as a
control. Clones A THlOl and X TH103 are two overlapping
clones which together span a 20-kb segment surrounding a
TH2A-TH2B pair (Fig. 1B), and clone X SH-1 contains the
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FIG. 2. Southern blot analysis of recombinant clones with
32P-labeled total rat genomic DNA. EcoRI-HindIII digests of clones
TH101 and TH103 or EcoRI digest of clone SH-1 were
fractionated on a 1% agarose gel, transferred to a Nytran membrane
(Schleicher & Schuell), and hybridized with 32P-labeled total rat
genomic DNA in a hybridization solution containing 200 ,ug of
sonicated and denatured E. coli DNA (lane 2) or salmon sperm DNA
(lane 3) per ml. The disappearance of hybridization bands (6.65-kb
band in A TH101 and 2.55-kb band in A SH-1) when hybridized in a
solution containing salmon sperm DNA indicates that the sequences
homologous to the repetitive sequences in the corresponding frag-
ments are present in salmon sperm DNA. Lane 1, ethidium bromide-
stained gel patterns of clones cleaved with EcoRI-HindIII (A
TH101 and TH103) and EcoRI (X SH-1). Molecular sizes (in
kilobases) of hybridization bands are indicated to the left of each
panel.
sH2A and sH2B genes in an approximately 14-kb insert (Fig.
1A; 9.5-kb segment of 14-kb insert). Since histone genes in
higher eukaryotes are often present as a dispersed cluster,
the cloned DNAs were analyzed for the presence of histone
genes other than the H2A and H2B genes by Southern blot
analysis with the sea urchin histone genes as a probe. The
results showed that an H3 gene is located downstream of the
sH2A gene in the A SH-1 clone (Fig. 1A) and an H4 gene was
found in the 4.5-kb EcoRI fragment located 3' of the 2.55-kb
EcoRI fragment in the SH-1 clone (data not shown),
whereas these genes were not identified in a 20-kb segment
containing the TH2A and TH2B genes.
Also, it was necessary to determine the positions of
repetitive sequences because a large fraction of genomic
DNA in eukaryotes contains repetitive sequences which
cannot be used as probes for methylation analysis. To
identify restriction fragments suitable for use as probes for
methylation analysis, we used two different approaches. The
first method, which involves hybridization of 32P-labeled
total rat genomic DNA with restriction fragments of cloned
DNA on Southern filters, detects highly repeated sequences,
thus identifying abundant repetitive sequences or the more
repeated core sequences of the given repetitive sequences.
Figure 2 shows the results of Southern blot analysis, and Fig.
1 gives the map of restriction fragments which bound detect-
able amounts of the 32P-labeled rat genomic DNA probe.
The locations of repetitive sequences within the detected
restriction fragments were more precisely determined by
using isolated restriction fragments as probes to hybridize
with EcoRI-digested total rat genomic DNA (data not
shown). By using two complementary methods, we identi-
fied at least three repetitive sequences which are present in
a 20-kb segment surrounding the TH2A and TH2B genes, as
well as a 14-kb segment containing a somatic histone cluster
(Fig. 1 and 2). Sequence analysis of the approximately 5.5-kb
segment containing the TH2A and TH2B or the sH2A and
sH2B genes revealed sequences in the TB, SB, and SA
regions (see Fig. 1) that share extensive homology with the
consensus ID (9, 39) and B2 (9, 27) regions and the long
terminal repeat (LTR)-like sequences called RAL elements
(44, 59) (Fig. 3), respectively.
Methylation patterns of histone genes in rat tissues. To
determine the long-range methylation patterns, methylation-
sensitive enzyme HpaII and its isoschizomer MspI were
used. Both enzymes recognize CCGG, but HpaII activity is
inhibited when the internal cytosine is methylated. Because
of the close proximity of various repetitive sequences to
histone genes, the methylation analysis required numerous
genomic blots with relatively small DNA fragments as
probes. Figure 4B shows that all of the sites examined within
a 20-kb segment surrounding the TH2B gene are methylated
in liver tissue. In adult testis tissue, the germ cell-specific
unmethylation was detected at MspI sites M6 (located 0.13
kb downstream of the TH2A gene; probe C), M7 (in the body
of the TH2A gene; 10), M8 (10), and M13 (in the body of the
TH2B gene; probe D), whereas the sites outside M6 and M13
are methylated in both liver and germ cells, as indicated by
the 5.01-kb (probe B) and 3.7-kb (probe E) bands in the
HpaII lanes. The same germ cell-specific methylation pat-
terns were detected in sperm (data not shown). Although
there are gaps between the sites that limit the boundaries
because of the absence of testable enzyme sites, these
results allowed us to define the germ cell-specific unmethy-
lated domain of the TH2A and TH2B genes as a relatively
small region surrounding the CpG islands of the TH2A and
TH2B genes (Fig. 1B).
In contrast to the TH2A and TH2B genes, all of the sites
tested, except MspI sites 1 and/or 2, within a 9.5-kb segment
containing the sH2A and sH2B genes exhibited the same
methylation patterns in both somatic and germ cells (Fig.
1A). While MspI sites 3 (2.93-kb band in HpaII lanes; probe
A), 12 (probe B), 15, and 16 (probe C), which are associated
with the CpG islands of somatic histone genes, are unmeth-
ylated, site 21 in repetitive SC sequences (probe D) is
methylated in both liver and germ cells (Fig. 4A). The partial
methylation ofMspI site 20, which is indicated by the weak
0.8-kb band in the HpaII lanes, may be related to its location
close to the CpG island of the sH2B gene (Fig. 4A, probe D).
Site Ml, located in the LTR of RAL sequences, is com-
pletely methylated in germ cells but only partially methyl-
ated in liver cells (Fig. 4A, probe A). These patterns are
consistent with the general picture of global methylation
patterns in the eukaryotic genome, showing the unmethy-
lated CpG island flanked by methylated bulk DNA. The
methylation of the CpG islands of the TH2A and TH2B
genes provides a rare exception to the methylation-free CpG
islands.
Effect of copy number on demethylation in F9 cells. The
well-defined and relatively small unmethylated domains of
histone genes flanked by methylated repetitive sequences, as
well as the exceptional methylation of CpG islands in the
TH2A and TH2B genes, in contrast to those of the sH2A and
sH2B genes, despite more than 80% sequence homology in
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FIG. 3. Sequence comparison of the LTR-like RAL elements in
pSH-M and pRAL10. The LTR-like RAL element in pSH-M
(pRAL-SH) is aligned with that in pRAL10 (59). Bars represent
identical nucleotides, and spacers are gaps introduced for optimal
alignment. Letters show where the pRAL10 sequence differs from
the pRAL-SH sequence. The U3, U5, and R regions are indicated.
The 5' boundary of the U3 region was tentatively determined by the
presence of the inverted repeat (IR) 5' TGAAA-T'TCA 3', which is
immediately flanked by the 4-bp direct repeat (DR) GGCC. The
direct repeat flanking the entire LTR may indicate the duplication of
the target sequences generated on insertion (45). The CAT, TATA,
and polyadenylation signals are boxed. Two MspI sites that were
efficiently demethylated in F9 cells (see Fig. 7 and 8) are also boxed.
The 5' MspI site corresponds to MspI site 1 in Fig. 1A. The El, E2,
and E3 sequences homologous to the enhancer core sequences
(GTGG[T/A][T/A][T/A]) (61) are indicated by dots. The presence of
El, E2, and E3 sequences immediately adjacent to two MspI sites
suggests possible involvement of the passive mechanism in efficient
demethylation at those sites. The competitive binding of protein
factors to their closely located target sequences may interfere with
methyltransferase activity on the hemimethylated intermediate dur-
ing DNA replication.
the coding sequences, provide a good model system to
examine the signal involved in the formation of methylation
patterns during embryogenesis. For a systematic analysis,
we examined the effects of the number of integrated copies,
the flanking sequences, and the density of methylated CpG
dinucleotides on the changes in methylation patterns after
introducing SH-M (9.5-kb insert carrying the sH2A and
sH2B genes), TH-M (12.6-kb insert carrying the TH2A and
TH2B genes), and t25 (a plasmid carrying the mouse MT-I
gene and SV40 DNA) constructs into F9 embryonal carci-
noma cells, which are known to methylate or demethylate
certain types of the viral or transfected DNAs de novo (13,
57).
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FIG. 4. Methylation patterns of histone genes in adult rat tissues.
Methylation patterns of somatic (A) and testis-specific (B) histone
genes. Genomic DNAs (10 jig of each) isolated from liver (L) and
adult testis (AT) tissues were digested with Sacl (S), HindIII (Hd),
or Hinfl (Hf) and then MspI (M), HpaII (H), or SmaI (Sm). In all
blots except those hybridized with probes C and D (B), genomic
DNA was digested first with Sacl and then with MspI or HpaII. The
first lane at the left of each panel, except for that containing probe B
(A), included liver DNA digested with the first enzyme, SacI,
HindIII, or Hinfl. Both MspI and HpaII recognize CCGG, but
HpaII cannot cut when the internal cytosine is methylated. SmaI is
also sensitive to DNA methylation. Therefore, the appearance of a
high-molecular-weight band in the HpaII or SmaI lanes indicates
hypermethylation. DNA samples were fractionated on a 1% agarose
gel, transferred to nylon filters, and hybridized with the 32P-labeled
probe indicated below each panel. The methylation ofMspI site 1 in
the flanking sequences of the TH2A and TH2B genes was deter-
mined by using probe A (data not shown). The lower part of each
panel shows the various restriction fragments detected by the
corresponding probes. Molecular sizes (in kilobases) of significant
hybridization bands are shown to the left of each panel. Minor bands
on a blot probed with fragment A of the somatic histone cluster may
be due to cross-hybridization of probe A, containing the LTRs of
endogenous retrovirus-like RAL sequences, with other members of
the family (44).
To examine the effects of copy number on the demethy-
lation of the CpG islands located in the bodies of histone
genes and at the 5' end of the mouse MT-I gene, we isolated
two series of stable cell lines containing a high or low copy
number of each construct. To determine the methylation
status of MspI sites in the SH-M construct, genomic DNA
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(Fig. 1, probe D). As can be
0.27-kb band in the MspI lane,
containing DNA isolated from
numbers of integrated copies
stead, we observed a strong h3
indicating that MspI site 12, lc
I I the sH2A gene, underwent extensive demethylation in F9
M H M H M H M cells, whereas all of the other sites in the CpG islands of the
sH2A and sH2B genes remained methylated. On the other
6.22- *- q hand, more than 70% of the integrated copies became
4 i demethylated in the CpG islands of the sH2A and sH2B
genes at a low copy number, as evidenced by the appearance
of the intense 0.27-kb band in HpaII digests (Fig. 5; sH2B,
low).
Since the CpG island of the TH2B gene is normally
methylated in somatic tissues, in contrast to the unmethy-
lated CpG island of the sH2B gene, it was interesting to see
_ _ whether the CpG island of the TH2B gene can be demethy-
0A1- f lated in F9 cells. Figure 5 (TH2B) reveals that the CpG
HIGH LOW islands of the TH2A and TH2B genes in the TH-M construct
TH2B(Probe D) was demethylated at a low copy number, like those in
E I_E Isomatic histone genes, although at a slightly lower levelD I a:IL (-50% of integrated copies). Demethylation of the TH2B
gene was also greatly inhibited at an increased copy number,
and the similar adverse effect of a high copy number on the
1.09- extent of demethylation was observed at sites in pSP vectorW sequences which are CpG rich and efficiently demethylated
at a low copy number (Fig. 5; pSP). Demethylation of both
o0-3 sH2B and TH2B genes appears to be specific for F9 cells,
since the genes were not substantially demethylated in
- * differentiated L-M(tk-) cells (data not shown).
As a control, we also examined demethylation of the MT-I
O.^I _gene in F9 cells. Figure 5 shows that MspI sites 4 to 9 in the
0.11 CpG island of the MT-I gene were efficiently demethylated
HIlGH LOW only at a low number of integrated copies, as indicated by
MT(ProbeB) strong low-molecular-weight bands ranging between 0.11
integraecPioesondand 0.28 kb in the HpaII lanes (MT). The unmethylation of
ructs in F9 cells. One or 10 g of these sites in the endogenous MT-I gene in F9 genomic DNA
ly transfected clones containing is also shown in Fig. 5 (MT, lane F9). It is interesting that the
copies of the SH-M, TH-M, and 0.53-kb band was more intense than the other low-molecu-
,t with EcoRI (sH2B), HindIII lar-weight bands in HpaII-digested DNA from stable clones
4T) and then with MspI (M) or containing the t25 construct at a high copy number, indicat-
re fractionated on a 1% agarose ing that MspI site 4 was more efficiently demethylated than
ranes, and hybridized with the sites M5 to M8. Since both stable transformants containing a
each panel. The blot for methyl- high or low copy number of methylated constructs were
ct was first hybridized with probe isolated by transfecting the same source of in vitro-methyl-
hsure and dehybridization, ated DNA, these results strongly suggest that demethylation
thas a 1-kb DraI-EcoRI fragment of those CpG islands is mediated by a trans-acting factor(s)
estriction patterns after digestion which can be saturated at a high concentration of methylated
at most of the integrated copies substrate DNAs.
ons (data not shown). The low Removal of flanking sequences does not affect demethyla-
iated by densitometric scanning, tion. To examine the effect of flanking sequences on the
-M, 40 copies per diploid; SH-M demethylation of CpG islands, we introduced the methylated
and HhaI, 12 copies per diploid; and unmethylated TH-S (2.05-kb insert carrying the testis-
r diploid; TH-M methylated with specific unmethylated domain of the TH2A and TH2B genes)
etedwithlmet;huylnamseshypateIId ta25 and SH-S (1.5-kb insert carrying unmethylated domain of the
igh numbers, more than several sH2A and sH2B genes) constructs into F9 cells. These
o the genomic DNA of F9 cells. constructs are highly CpG rich because of deletion of almost
ated with methylases HpaII and all CpG-depleted flanking sequences. Figure 6 shows that the
ach panel are molecular sizes in CpG islands of the sH2B and TH2B genes were significantly
demethylated, as indicated by the strong 0.27- and 0.41-kb
bands in HpaII digests, respectively. We also transfected the
5-kb EcoRV DNA fragment containing the sH2A and sH2B
icoRI-HpaII or EcoRI-MspI genes into F9 cells to see whether the plasmid topology can
e analyzed by Southern blot affect the demethylation of CpG island DNA. The results
SacI fragment as the probe showed that the hybridization pattern obtained with the
seen in Fig. 5 (sH2B), the linear EcoRV fragment was almost identical to that observed
s is absent in the HpaII lane when the circular plasmid DNA was transfected into F9 cells
stable clones containing high (data not shown). These results suggest that the cis-acting
of the SH-M construct. In- sequences and/or certain structural features residing in the
ybridization band of 1.67 kb, CpG islands of histone genes provide a signal responsible for
)cated 0.4 kb downstream of demethylation in F9 cells.
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FIG. 6. Efficient demethylation of SH-S and TH-S constructs.
Genomic DNAs (10 ,ug) prepared from stably transfected clones
carrying low numbers of integrated copies of unmethylated (UM) or
HpaII-HhaI-methylated (H+H) SH-S and TH-S constructs were
digested with EcoRI (sH2B) or HindIll (TH2B) and then, after
phenol-chloroform extraction and ethanol precipitation, with MspI
(M) or HpaII (H). The Southern filter was then hybridized with the
2P-labeled probe indicated below each panel. The integrity of the
integrated copies was checked by analyzing the digestion patterns
with the first enzyme alone (data not shown in Fig. 6 to 8). The
number to the left of each panel is a molecular size in kilobases.
Demethylation in flanking sequences. While the bodies of
histone genes and vector sequences are CpG rich, the
flanking sequences, containing mainly repetitive sequences,
are CpG depleted and methylated in both liver and germ cells
(Fig. 1). To test the possibility that the flanking sequences
are de novo methylated in F9 cells, we examined the
methylation status ofMspI sites in the flanking sequences of
SH-M and TH-M constructs. To assess the methylation
status of sites M20 and M21 downstream of the sH2B gene,
genomic DNAs isolated from stably transfected clones con-
taining the unmethylated or HpaII-HhaI-methylated SH-M
constructs at a low copy number were digested with SacI-
MspI or SacI-HpaII and subjected to Southern blot analysis.
As shown in Fig. 7 (sH2B, probe D), site M20 was partially
demethylated as judged from the appearance and intensity of
the 0.8-kb band in HpaII digests. It is interesting that this
site is only partially methylated in rat tissues (Fig. 1A and 4).
On the other hand, sites M2 and M3 downstream of the
TH2A gene were not demethylated to a significant level
(note the strong 3.04-kb band in the HpaII lane of TH2B in
Fig. 7). Interestingly, MspI site 1 in the SH-M construct was
efficiently demethylated, even at a high copy number, as
indicated by the intense 1.4-kb band in HpaII digests (Fig. 7;
sH2B, probe A). Since the site is located not in the CpG
island but in the LTR-like RAL element (Fig. 3) and the
demethylation of the site is not affected by the increased
copy number, it is likely that the mechanism underlying the
demethylation of the MspI site is different from that involved
in the demethylation of CpG island DNAs.
In the t25 construct, we examined the methylation status
of site M12 in the SV40 sequences. As shown in Fig. 7
(SV40), more than 50% of the integrated copies were de-
methylated at the M12 site, even at a high copy number, as
indicated by the appearance of intense 2.39- and 1.65-kb
0)8- Wq+
Probe D Probe A Probe B H IGH LOW
sH2B TH2B SV40 (Probe C )
FIG. 7. Demethylation at sites in the flanking sequences.
Genomic DNAs (10 pg of each) isolated from clones transfected
with unmethylated (UM) or HpaII-HhaI-methylated (H+H) SH-M,
TH-M, and t25 constructs were digested with Sacl (sH2B and
TH2B) or PstI (SV40) and then MspI (M) or HpaII (H). The
Southern filter was hybridized with the 32P-labeled probe indicated
below each panel. Probe A was used to determine the methylation
status ofMspI site 1 and/or 2, which is located within the LTR of the
endogenous retroviruslike RAL element (Fig. 3). The numbers to
the left of the panels are molecular sizes in kilobases.
bands in HpaII digests. Since several hundred copies were
integrated into stable clones containing the HpaII-HhaI-
methylated t25 construct, the demethylation at the site
seemed to be very efficient. Interestingly, site M12 is 22 bp
downstream of the major CAP site for the late transcr'ption
of SV40 and it has been shown that the short segment
containing site M12 is important for transcription initiation
of the late promoter (2). The efficient demethylation at sites
Ml in the SH-M construct, M12 in SV40 sequences, and M4
in the MT-I promoter, as well as the locations of these MspI
sites in the promoter or enhancer region, suggest that the
same, probably passive, mechanism, which is different from
the active mechanism for the demethylation of CpG islands,
is involved in the demethylation of these sequences. We
observed no significant de novo methylation in any of the
cases tested.
Effect of mCpG density on demethylation. When DNA is
methylated with methylases HpaII and HhaI, only a subset
of total methylatable CpG sites can be methylated. Since all
CpGs can be the substrates for methyltransferase in vivo, we
examined the effect of methylation at all CpGs by methylase
SssI on the demethylation in F9 cells. Surprisingly, com-
pared with the efficient demethylation of HpaII-HhaI-meth-
ylated constructs, the constructs methylated by methyltrans-
ferase SssI were not demethylated to a significant level in the
CpG islands of the sH2A-sH2B, TH2A-TH2B, and MT-I
genes, even at a low copy number (Fig. 8). Since 14 of 70 and
20 of 87 CpGs are methylated by methylases HpaII andHhaI
in the CpG islands of the TH2A and TH2B and sH2A and
sH2B genes, respectively, these results indicate that an
about four- to fivefold increase in the number of mCpGs
resulted in severe inhibition of demethylation in those CpG
islands. Demethylation in vector sequences was also greatly
inhibited by increasing the density of mCpGs (data not
shown). In contrast, demethylation at sites Ml and M2
(sH2A 3'; note the intense 1.4- and 1.5-kb bands in the HpaII
lane of SssI) and M12 (sH2B; note the intense 1.67-kb band
in HpaII lanes of SssI) in the SH-M construct was not
affected by methylation with methylase SssI, as expected
from the locations of these sites in the CpG-depleted se-
quences (Fig. 8).
The TH2B gene is not active in F9 cells. The demethylation
UM H.H
kA LA KA Li
D I





DEMETHYLATION OF HISTONE GENES IN F9 CELLS 5545
I 0 Bo I l
u) CD co
M H MHHMAH M
I z
+




sH2B(Probe D) sH2A 3'(Probe A) TH2B(Probe D)
;








FIG. 8. Demethylation in CpG island DNA is severely inhibited
by methylation at every CpG with methylase SssI. Each construct
methylated with methylases HpaII and HhaI (H+H) or methylase
SssI was stably transfected into F9 cells at a high or low number of
integrated copies. Genomic DNAs (10 p.g) isolated from stably
transfected clones were digested with EcoRI (sH2B), Sacl (sH2A
3'), HindIII (TH2B), or KYnI-PstI (MT) and then digested with
either MspI (M) or HpaII (H). The probe used for each Southern
filter is indicated below each panel. The low numbers of integrated
copies of SssI-methylated constructs (per diploid) were 24 for
SH-M, 6 for TH-M, and 24 for t25. At high numbers, more than
several hundred copies were integrated into the genomic DNA of F9
cells. The numbers beside the panels are molecular sizes in kilo-
bases.
of the in vitro-methylated TH2A and TH2B genes in F9 cells
suggests that the TH2A and TH2B genes are unmethylated
at the blastocyst stage during embryonic development. Since
DNA methylation appears to be important for transcriptional
repression of the TH2B gene in somatic cells (10), it was
possible that the TH2B gene might become derepressed in
the early embryo stage. To see whether the unmethylated
TH2B gene is expressed in F9 embryonic cells, as in other
somatic cell lines (10, 24), we carried out Northern blot
analysis. The stably transfected cells were arrested at the
G1-S border by treatment with aphidicolin and released from
the arrest. Total RNA samples were fractionated on a 1.5%
formaldehyde-agarose gel, transferred to a nylon filter, and
hybridized to a 32P-labeled probe specific for the TH2B
transcript.
Figure 9a shows that the TH2B transcript was not detect-
able in either arrested (A) or released (R) F9 cells, in contrast
to released C3H 10T1/2 cells. The control experiment with
an H2B-specific probe showed that the endogenous copies of
the sH2B histone gene were efficiently expressed in the S
phase in both cell types (Fig. 9a, sH2B). Since the copy
number of the TH2B construct in F9 cells (8 copies) was
comparable to that in C3H 1OT1/2 cells (12 copies), these
results indicate that the TH2B gene is not expressed in F9
cells, although it is expressed in C3H 1OT1/2 cells in the S
phase. A transient transfection assay further confirmed that
the TH2B gene is inactive in F9 cells (data not shown). Since
expression of the histone H2B gene is regulated by both 5'
and 3' sequences, we also introduced plasmid TH2B-CAT
into F9 cells to see whether the TH2B promoter is not
functional in F9 cells. As shown in Fig. 9b, a very low level
of CAT activity was detected for TH2B-CAT in F9 cells in
the S phase (F9, lane 5), compared with that in C3H 1OT1/2
cells (>50-fold; 1OT1/2, lane 5). These results indicate that
the TH2B gene is not functional in F9 embryonic cells,
regardless of DNA methylation.
b
F9g
A R A R T
TH2B
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1 2 3 4 5 345
F9 1OT1/2
FIG. 9. The TH2B gene is not expressed in F9 cells. (a) Northern
analysis of total RNA (15 pLg per lane) isolated from stably trans-
fected clones carrying the unmethylated TH-M construct. S-phase
cells were harvested at 2 (F9 cells) or 4 (C3H 1OT1/2 cells) h after
release from the aphidicolin block. Non-S-phase cells were har-
vested after 20 h of incubation with aphidicolin. RNA from the testis
of a 10-day-old rat was included as a control (lane T). The filter was
first hybridized with probe TH2B and then, after stripping off of the
probe, rehybridized with an H2B-specific probe as a control to
analyze the quality of the RNA samples (sH2B). Lanes: A, RNA
from non-S-phase cells; R, RNA from S-phase cells. (b) CAT
enzyme activities of TH2B-CAT, the octamer (OM-3) mutant of
TH2B-CAT, and plasmid pSV2-CAT. Transfected cells were treated
with aphidicolin for 18 h, before cells were harvested at 4 (F9 cells)
or 7 (C3H 1OT1/2 cells) h after release from the aphidicolin block.
Non-S-phase cells were harvested after being treated with aphidi-
colin for 24 h. After normalization of transfection efficiencies by
measuring P-galactosidase activity, CAT activity was assayed as
previously described (27, 28). Lanes: 1, pSV2-CAT; 2 and 3, OM-3;
4 and 5, TH2B-CAT. The odd-numbered lanes show CAT activity in
the S phase.
DISCUSSION
Our analyses of the demethylation of histone genes in F9
cells yielded important insights into the mechanism under-
lying the demethylation that occurs in embryonic cell lines.
(i) The CpG island of the TH2B gene, although exceptionally
methylated in adult somatic tissues, was demethylated like
those of the sH2B and MT-I genes when methylated with
bacterial methyltransferases HpaII and HhaI and introduced
into F9 cells. The demethylation of those CpG islands is
likely to be mediated by a so-called "CpG island demethy-
lation system" through an active enzymatic mechanism (13),
as indicated by the inefficient demethylation at a high num-
ber of integrated copies. The lack of substantial demethyla-
tion at a high copy number indicates that a saturable factor(s)
is involved in the demethylation of CpG island sequences. A
similar effect of copy number on the maintenance of the
unmethylated status of CpG island DNA has been observed
in transgenic mouse studies on HMGCR-CAT (3-hydroxy-3-
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1.1 genes (18, 19, 38). When injected into fertilized eggs as
unmethylated constructs, most copies of transgenes re-
mained unmethylated, like endogenous genes at a low num-
ber of integrated copies, whereas more fractions of trans-
genes became methylated with an increased copy number,
suggesting that the inefficient protection of CpG islands from
de novo methylation at a high copy number led to the
methylation of those CpG islands. The question which arises
from these results is what are the signals that control the
unmethylated status of CpG islands. It was recently shown
that a 214-bp DNA fragment flanking the promoter se-
quences of the murine Thy-1.1 gene contains a signal that
protects CpG island DNA from de novo methylation in
embryonic stem cells (60). Also, when in vitro methylated
and transfected into F9 cells, the CpG island of the apoli-
poprotein A-IV gene, which is normally methylated in many
tissues, was inefficiently demethylated in F9 cells, in con-
trast to the other methylation-free CpG islands, including
that of the apolipoprotein A-I gene (53). These data suggest
the presence of signal sequences that control the demethy-
lation of CpG islands other than the CpG island itself. In the
case of histone genes, TH-S and SH-S constructs from
which most of the flanking sequences were removed were
efficiently demethylated compared with TH-M and SH-M
constructs containing flanking sequences in addition to CpG
islands, suggesting the possible presence of cis-acting se-
quences responsible for the demethylation within the CpG
island sequences and/or the possible involvement of certain
features of CpG islands, such as the high density of CpGs, in
the demethylation. Transfection experiments with TH-S and
SH-S constructs carrying sequential deletions in the CpG
islands of histone genes, as well as competition between
different CpG island sequences, will help to identify the
sequence-specific nature of the demethylation system in
embryonic cells.
(ii) We also found that the increase in the density of
mCpGs in the CpG islands led to severe inhibition of
demethylation, even at a low number of integrated copies.
One possible explanation is that like the increase in the
number of integrated copies, methylation by methylase SssI
inhibits demethylation simply by increasing the total number
of mCpGs. Alternatively, there may exist a methyl-CpG-
binding protein analogous to MeCP1 which binds to CpG
islands only when methylated by SssI at a high density,
thereby interfering with the demethylation system. Although
MeCP1 and MeCP2 are present at a very low level in F9 cells
(36, 37), the recent cloning of a novel methyl-CpG-binding
protein, MeCP2, from rat brain tissue suggests the presence
of additional methyl-CpG-binding proteins (33). In this re-
gard, it is important to note that MT-I promoter activity was
inhibited by methylation with methylase SssI in F9 cells but
not by methylation with methylases HpaII and HhaI (32).
Thus, both demethylation and transcription were inhibited in
F9 cells only with methylation at a high density with meth-
ylase SssI. Since the most widely accepted hypothesis
explaining transcriptional inhibition by DNA methylation is
indirect inhibition by protein mediators such as methyl-CpG-
binding proteins (4, 32), it is possible that the same mecha-
nism may explain the inhibitory effect of DNA methylation
on both demethylation and transcription in F9 cells. What-
ever the mechanism that underlies the inhibition of demeth-
ylation is, it must be pointed out that all CpGs are potential
substrates for de novo methylase activity in vivo. Therefore,
any failure to protect CpG islands from de novo methylation
may result in heavily methylated CpG islands which cannot
be rescued by the demethylation system.
(iii) In contrast to the copy number-dependent demethy-
lation of CpG islands, three sites in the SH-M construct were
very efficiently demethylated, even at a high copy number
and a high density of mCpGs. Interestingly, sequence anal-
ysis revealed that two MspI sites are located in the U3 region
of the LTR of the endogenous retroviruslike RAL element
(Fig. 3). Since RAL elements are known to be expressed
abundantly in transformed cells but not in normal differen-
tiated cell types (44, 59), it is interesting that those sites were
not demethylated in mouse L-M(tk-) cells. Similar demeth-
ylation in the promoter region was observed in the rat
ao-actin, dihydroxyfolate reductase, and APRT genes (13, 55,
64). We also found that not all of the MspI sites in the
promoter of the MT-I gene were demethylated with equal
efficiency. Thus, MspI site 4 in MREa (a metal-responsive
element) was more efficiently demethylated than other sites
in the promoter (58). Since all other sites in the CpG island
of the MT-I gene were efficiently demethylated at a low copy
number, the difference could be detected only at a high copy
number. An HpaII site in SV40 DNA which was efficiently
demethylated in F9 cells and was demethylated in two of
three integrated copies in rat embryo fibroblast 52.2 cells (17)
is located 22 bp downstream of the major initiation site of
late transcription. Transfection experiments with linker-
scanning mutants revealed that a segment spanning from 20
to 36 bp downstream of the cap site is important for efficient
initiation of transcription (2). Taken together, these results
point to the possible involvement of the binding of transcrip-
tion factors in the demethylation in F9 cells. It appears that
the demethylation at those sites might take place through a
passive mechanism which involves the inhibition of mainte-
nance methylase activity by competitive binding of protein
factors to those sites in the hemimethylated intermediate
during DNA replication. It has been recently reported that
there is a correlation between promoter methylation and
gene inactivity for endogenous retroviruslike repetitive se-
quences such as intracisternal A particles (11, 12) and the
RAL element (44), Moloney murine leukemia virus (22), the
human immunodeficiency virus LTR (3), and adenovirus (28,
30). In the human immunodeficiency virus LTR and the late
E2A promoter of adenovirus type 2, methylation-mediated
transcriptional inhibition was overcome by the presence of
the trans-activator Tat and the ElA protein of adenovirus
type 2 without promoter demethylation (3, 62). The U3
sequence of retroviral sequences is known to contain en-
hancer sequences (29). Sequence analysis of the RAL ele-
ment revealed that the sequences homologous to an en-
hancer core motif (GTGG[T/A][T/A][T/A]) are located
immediately adjacent to MspI sites 1 and 2 in U3 (61) (Fig.
3). Therefore, it appears to be important to determine the
relationship between the binding of protein factors to those
MspI sites in U3, demethylation, and activation of the LTR.
(iv) Embryonic carcinoma or stem cells are known to
possess de novo methyltransferase activity, as shown by the
methylation of proviral sequences (57), the 0-globin gene (8),
the collagen IV gene (6), the steroid 21-hydroxylase (C21)
gene (60), and flanking sequences of the APRT gene (13)
when introduced into embryonic cells. However, we ob-
served no significant methylation of sH2B and TH2B con-
structs at any of the sites analyzed in F9 cells. A similar
absence of de novo methylation in F9 cells has been reported
from the methylation analysis of five different CAT fusion
plasmids stably transfected into F9 cells (21). Of the five
plasmids tested, only pAFP7000-CAT, containing the 6.7-kb
upstream region of the rat a-fetoprotein gene, was strongly
methylated in F9 cells, suggesting the presence of signals
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that recognize de novo methylase activity. The lack of de
novo methylation in many sequences may be in agreement
with the low methylase protein level and activity (41) and the
low level of global methylation in blastocysts (42). Extensive
studies on the methylation patterns of unique gene sequences
in the early embryo stage indicated that all of the sites
examined are not methylated in the blastocyst stage (25).
Therefore, on the basis of these data, the low level of de novo
methylation of transfected genes in embryonic cells is not
unexpected. The de novo methylation of only certain genes in
F9 cells may be explained by the sequence-specific nature of
de novo methylase or the presence of more than one methyl-
transferase in embryonic cells. The recently identified cis-
acting sequence responsible for de novo methylation of the
upstream region of the mouse APRT gene in embryonal
carcinoma stem cells may provide an example showing the
sequence-specific nature of de novo methylation events (43).
(v) Recent studies on the changes in methylation patterns
during embryogenesis indicate that establishment of adult
methylation patterns involves erasure of the germ cell-specific
methylation patterns at the 8- to 16-cell stages by demethyla-
tion, followed by formation of the basic methylation patterns
by de novo methylation of non-CpG island sites during gastru-
lation (25, 42). According to this model, it is not surprising that
the TH2B gene, like the sH2B gene, was demethylated in F9
embryonal carcinoma cells which were derived from blasto-
cysts. Although demethylation of non-CpG island sequences at
the blastula stage suggests partial derepression of many genes
in early embryonic cells, as suggested by a transient activation
of several genes, including the MyoD gene at the midblastula
transition in Xenopus laevis (48, 63), the TH2B gene was not
active in F9 cells. It is possible that the genes whose expression
could be toxic to embryonic cells should be repressed by a
mechanism which may be unique to embryonic cells without
employing DNA methylation, as suggested by the low level of
DNA methylation (42) and methyl-CpG-binding proteins in
embryonic cells (36, 37).
The unusual methylation of the CpG islands of the TH2A
and TH2B genes in somatic tissues may occur later during
the gastrulation stage, whereas the TH2A and TH2B genes
remain unmethylated in germ cell lines. Since the CpG
islands of the TH2A and TH2B genes were demethylated
like other CpG island sequences in embryonic cells, it is
possible that the methylation of the TH2A and TH2B genes
is dominant over the mechanism underlying the protection of
CpG island DNAs, including the sH2A and sH2B genes,
from the extensive methylation of genomic DNA at the
postblastula stage. One possibility is the presence of the
signal responsible for de novo methylation, such as a cis-
acting sequence identified in the upstream region of the
mouse APRT gene (43), in the flanking sequences of the
TH2A and TH2B genes outside the 13-kb region analyzed in
this study. Identification of the signal that controls the
unusual methylation of the CpG islands of the TH2A and
TH2B genes will provide important insights into the mech-
anism that underlies the establishment of methylation pat-
terns during embryonic development.
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